Abstract-The main goal of this paper is to develop a time to line crossing (TLC) computation for onboard indicator development and control objective criterium. Different computational methods with increasing complexity are provided. For TLC computation, both straight and curved vehicle paths are considered. An observer is proposed for the estimation of the necessary variables. Finally some control methods, which used directly or indirectly the TLC as a control variable, are proposed.
I. INTRODUCTION
Time to line crossing (TLC) is defined as the time duration available for the driver before any lane boundary crossing. Several research studies outlined the importance of this indicator for both driver performance evaluation and lane departure characterization [1] , [2] , [3] .
In [4] , where human-machine interactions aspects are discussed, different sensory information useful for vehicle trajectory control while taking a bend are described. Two anticipation levels concerning these variables can be distinguished. The first level, long-term anticipation, begins as soon as the bend is visible. The second level, short-term anticipation and on-line control, begins just before and during bend taking.
In short-term anticipation, the Time to Line Crossing seems to play an important role as an indicator of steering performance, as well as a regulating variable for the driver action (that is, it seems to help the driver's mind to perform the task of driving). With respect to the second case, research about TLC [5] , [6] indicates that drivers can compensate for some errors of steering by decreasing their speed in order to maintain the TLC constant. In addition, the TLC seems to be a good indicator of the point at which the driver begins to use a strategy of open-loop visual steering (when he stops to look at the road momentarily to perform another task inside the vehicle) depending on the speed [7] .
In parallel, several works on the use of TLC values and behavoir as a warning triggering in a decision process can be reported [8] , [9] and [10] . However TLC has been never included as a direct synthesis criteria for active driver assistance. It was only used in order to prove that the assistance enhances TLC values. It is thus interesting to look how an active assistance synthesized on the basis of TLC will perform.
S. Mammar In this paper, some computational aspects of TLC are first reviewed in section 2. Estimation approach of variables necessary for real-time computation of a TLC indicator is provided in section 3. Section 4 examines the usage of TLC as a control variable both in straight road section or curved ones using three different concepts which develop LQ state feedback controller, nonlinear optimal controller and finally virtual force feedback. Some concluding remarks are provided in section 5.
II. TLC APPROXIMATIONS
In the following, some possible approximations of TLC are provided. They are obtained under certain hypothesis on road conditions and vehicle trajectory. Formulas are provided for left side lane departure, the road curvature is also assumed to be positive (bend going to the left). The road departure is thus due to an oversteer behavior of the vehicle. Other cases of road departures (bend to the right or understeering) can be easily obtained with some adaptations and signs changes. Five approximations are examined combining straight and circular vehicle trajectory and straight, circular and clothoïdal road sections:
• Straight road and straight vehicle trajectory (SR/ST) approximation: TLC is simply obtained from the distance of the left front wheel to the lane border y ll , the longitudinal speed v and the relative heading angle ψ L ( figure 1 ) 
The angle ξ ll which appears in the figure 1 is given by 
Equation 3, provides a TLC formula consisting of two terms: the TLC value assuming a straight road section with an additional term which proportional to the road curvature ρ r = 1 R r
• Both circular road and vehicle trajectory (CR/CT): In this case, the TLC value is similar to that of equation (2), however the computation of the angle ξ ll is different. It is obtained from the successive operations provided below -One first computes the distance r 2 between the centers of the road circle and the vehicle trajectory circle. This distance is given by
-Finally, the angle ξ ll is given by
• Clothoïd road section and straight vehicle trajectory (CLR/ST): clothoïds curves are used in road construction in order to make continous curvature transition from straight section to circular ones. On these curves, the curvature varies as a linear function of the curvilinear abscissa. Suppose that the vehicle is traveling on such a curve with zero steering angle, if at vehicle location, the road radius of curvature is R r = 1 ρ r and at the location where its trajectory intersects the lane border the road radius of curvature is R r 2 = ∆r + R r = 1 ρ r 2 , the TLC computation introduces a corrective term to equation
Other geometrical approximations can be considered, and beyond these geometrical formulas, it is also possible to compute the TLC from an open loop integration of a vehicle dynamic model, in road reference frame. During this prediction, the driver steering angle wheel and the forward speed can be maintained constant or varying according to a assumed driver strategy and behavior [11] , [3] .
III. FEASIBILITY OF A TLC ONBOARD INDICATOR
The feasibility of a TLC based onboard indicator is now considered. To achieve this, the vehicle to be equipped with both proprio and exteroceptive sensors [12] which make possible the real-time computation of the TLC. From the previous equation one can notice that the needed data are: longitudinal speed, lateral speed, yaw angle error, lateral positioning, vehicle radius of curvature, road curvature and its variations. Other non directly available measurement can thus be estimated.
A. Available measures
In actual on the market vehicles, the yaw rate, the steering angle and the forward speed are already available in standard on the CAN bus. These measures which are already used by ESP system are of high quality. A front view camera can provide measures of lateral displacement y L at certain distance l s and the relative yaw angle ψ L :
The vector of available measurements is constituted by the yaw rate, the relative yaw angle and the lateral displacement y L at a lookahead distance l s
Other variables such as lateral speed, the displacement at vehicle center of gravity and the road curvature value and rate can be estimated using state and unknown input observers. For this purpose a vehicle lateral dynamics model is necessary and one can opt for a two degree-of-freedom model with state vector
The first line of equation 9 is also given by
In the following an estimation approach for the vehicle state and the road curvature (value and rate) is provided by the use of an unknown input observer (UI) of the form of a proportional-2-integrals observer.
B. Estimation
The proportional-integral (PI) observer is a generalization of the standard Luenberger observer. It includes an additional term proportional to the estimation error integrate. It is known to be able to estimate additive fault and disturbances [13] . The PI observer can be extended for the estimation of unknown input using multiple integral loops. Several implementations of PI observers have been proposed in [14] , [15] and [16] .
The purpose here is to estimate the vehicle state and the road curvature value and derivative. The curvature is modeled as an unknown input with zero second order derivative (linear behavior of the curvature). A proportional-2-integrals observer can thus estimate this unknown input and its constant derivative. The observer equations are given in (11) where, x is the state estimate, f 2 plays the role of the curvature estimate and f 1 the estimation of its derivative.
T is computed in order to make the matrix Ã −KC Hurwitz.
This ensures the asymptotic convergence toward zero of the state estimation error e = x −x, the curvature estimation error e ρ r = ρ r − f 2 and the curvature derivative estimation error eρ r =ρ r − f 1 .
C. Experimental tests
Some experimental tests are conducted of the LIVIC test track in Versailles (France). The vehicle is equipped with GPS-RTK for reference global positioning and the lane markers positions have been digitalized every 5 cm.
The track curvature appears in figure 2 in solid line. The previously developed P2I observer is able to both estimate this curvature and its derivative (figures 2, 3-a, 3-b) even on sharp bends. TLC computed from equation 2 using the measures and the estimates and. Its value is voluntary limited to 3 sec. This section has proven the feasability of an onboard TLC indicator which can be computed from available measurements and observer based estimates. More experimental test results can be found in [3] .
IV. THE TLC AS A CONTROL VARIABLE
The purpose of this section is to investigate how the TLC can be directly used as a criteria for controlling the vehicle within an active steering assistance system. For sake of clarity the vehicle is assumed to be steer-by-wire, that is a supplementary steering angle can be set by the assistance independently from that of the driver. In addition, it will be assumed that the driver takes off his hand from the steering wheel (no steering angle due to the driver). The assistance has thus to perform some kind of automatic driving from this point.
Firstly a state feedback structure is adopted, however any other structure (output feedback) can also be used. In the following, the controller takes the form δ f = −Kx.
A. LQ control on straight road
Let us first consider that the vehicle is on straight road section in conditions (vehicle dynamics and location on the lane) such that when the drive takes off his hand from the steering wheel, the TLC is not infinite and thus the vehicle will experience a lane departure if no action is performed.
Steering back the vehicle to the lane centerline with zero relative yaw angle and zero lateral speed is the way to maximize the TLC. In addition, assuming straight vehicle trajectory, the TLC is given by the ratio between the distance to lane border and lateral speed. One has thus to minimize both the lateral displacement and the relative yaw angle. We seek a linear quadratic (LQ) state feedback K minimizing
where q 1 , q 2 , and r d are positive design parameters which govern the bandwidth of the close loop. Figure 6 shows the evolution of ψ L , y G , T LC and δ f . One can see that the controller always enhances TLC which is more than 5 sec after only 1 second of controller intervention. In steady state, the value obtained value is at least of 10 sec. The relative yaw angle ψ L and the lateral displacement at the center of gravity y G are derived toward small residual values. The steering angle is smooth.
B. Optimal state feedback for curved road
In the case of curved road section, one can try also to synthesize the same controller as for straight road section. With the same parameters and initial conditions, results obtained on a circular road section of radius 300 m are shown on figure 7. Similar performances are achieved in steady state (TLC greater than 5 sec) but the transient phase duration is longer Instead of maximizing TLC, one can seek now a controller which may assign a predefined reference value to TLC. To do that, the following model is proposed
This formula ensures the following properties: • when the speed goes to zero (vehicle goes to standing) or road curvature goes to zero (straight road), TLC value is a. For example if a is set to 0.1, the obtained TLC is of 10 sec.
• TLC is a decreasing function of speed and curvature.
when speed or road curvature go to infinity, TLC value is
• Parameter b can be adjusted. A value of 0.1 leads to an asymptotic value of TLC of 5 sec. Figure 8 shows the behavior of this TLC reference when varying the speed and the curvature.
On a curved road, the control law is computed, still of the form of a state feedback, with objective that TLC approaches the defined reference value. The stabilizing gain vector K such that δ f = −Kx is obtained from a constrained nonlinear optimization problem on the time horizon t 0 ,t f .
where λ is a positive weighting factor chosen equal to This problem is solved with the Matlab optimization toolbox. The resulting vehicle responses for the curved road and initial conditions of the previous section are shown in figure 9 . This figure shows that the TLC reference value of 6.5 sec is almost achieved even if the steering angle is some how oscillatory. In addition the lateral offset is still far from zero after 3 seconds, but is however acceptable. The tracking of the relative yaw angle is quiet good. Simulation results show however that it is difficult to achieve a good compromise between the tracking of TLC reference value and driving the lateral offset toward zero.
C. Virtual force feedback concept for TLC control
In this section the use of the virtual force feedback framework for controlling the TLC is explored. The concept used here is similar to that used by Hennessy et al. [17] for collision avoidance, Rosseter and Gerdes [18] and Switkes and Gerdes [19] for lane keeping assistance. The front wheels steering angle is computed from additional control forces generated through two imaginary couples of spring-dampers:
• A first force is generated as a simple proportional derivative control law of the inverse of t LC
• The second is still a simple proportional derivative control law of the lateral displacement at a lookahead distance. This force is given by
It can be applied at any distance l 2 from the center of gravity in order to produce both lateral force and yaw moment. The steering angle if obtained as
An additional torque (M z = l 2 f 2 ) is added to the vehicle dynamics if the distance l 2 is not zero. The control parameters are set as follows:
Vehicle responses are depicted in figure 10 . It can be easily seen that the obtained responses are clearly the most desirable ones. In fact, the yaw, the lateral displacement and the steering angle responses are smooth while TLC value is always greater than 2sec and progressively goes to high values.
Notice that this framework can be easily extended to curved roads and TLC reference value tracking. To do that is suffices to activate the force f 1 as a function of the TLC deviation from that value. Lane keeping assistance on straight road using virtual force feedback concept.
V. CONCLUSION
In this paper, the TLC computation is presented on the basis of geometric kinematic formula for different vehicle trajectories and road geometry approximations. More especially, a simple formula is provided for clothoïd type roads. Feasibility of a TLC based onboard indicator has been proven by the synthesis of an unknown input observer which provides all the necessary data estimation for its computation. Results obtained with in RTK-GPS are reported. Afterwards, some challenges for the use of TLC as a control variable are examined. Several control strategies are designed using both state and output feedback. The virtual force feedback concept applied in this framework seems to provide the best results. This study represents a first step in the use of TLC as a control variable both for driving assistance and automated lane keeping. Future work will investigate more in depth the virtual force TLC concept. 
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